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Abstract 
Self piercing riveted connections are increasingly used in steel framed housing in Australia. It 
involves the joining of two or more plates by using a rivet to pierce and clinch in a single operation. In 
order to enhance the use of this efficient connection technology, attempts were made recently to 
develop a universal rivet type that can be used in most steel house frame assemblies. This required 
structural testing of the new rivet type in two and three plate assemblies to determine their strengths 
and the effects of many influential parameters such as steel thickness and grade, order of joining and 
the number of plates, rivet and die types. More than 150 standard lap shear tests were undertaken for 
this purpose. This paper presents the results from this experimental study and the results. 
1. Introduction 
The use of light gauge cold-formed steel frames in housing is increasing rapidly in Australia, 
the USA, Europe and many other countries due to the many advantages they offer in relation 
to strength, stability, economy and termite resistance (Lennon et al, 1999, Macindoe et al., 
1995). The cold-formed steel framing members can be connected using bolts, screws, welds 
or self piercing rivets (SPR). The relatively new SPR is a cold joining process in which two 
or more sheets are joined by driving a rivet through the top sheet and upsetting the rivet, 
under the influence of a die, into the lower sheet without piercing it (Figure 1). It offers many 
advantages such as superior strength, faster installation, low energy demand, environmentally 
friendly and so on. The SPR technology is well established and used in the automotive 
industries, but only in recent times it has found its applications in the building industry. 
 
 
Figure 1. SPR Joining Process, Connections and Applications 
In steel framed housing it is often necessary to join two or more plates of different 
thicknesses and grades. This means different rivet sizes and types have to be used depending 
on the joint detail. For example, if the joint involved more than three sheets or one of the 
plate is thicker or made of high strength steel, a longer rivet with a larger diameter will be 
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required. When more than one rivet type is needed in an automated truss or wall frame 
manufacturing process, the process will be delayed due to the time lost in changing rivet 
types between joints. Therefore a local fastener company proposed a 5.5 mm diameter 
countersunk head rivet (replacing the conventional 5 mm diameter rivets) that can be used in 
most of the joints in steel framed housing without column buckling or insufficient splaying.  
However, its structural behaviour and strength including failure modes are not fully 
understood. Therefore an experimental study of more than 150 single point fastener lap shear 
tests was undertaken in this research. Tests were undertaken to investigate the effects of steel 
grade and thickness, sheet order, rivet head and upsetting die types, two and three thickness 
joints. This paper presents the details of this experimental study and the results.  
2. Experimental Study 
2.1 Test Parameters 
This experimental study undertaken by Pilcher and Connely (2006) considered the following 
important variables in the planning of the required experiments: Rivet diameter, Rivet type 
and head, Upsetting die type, Steel thickness and grade, and connecting order of sheets. The 
new 5.5 mm diameter Type PG Counter-sunk rivets were chosen in this study as they provide 
a flat surface finish (see Figure 2). The results from this study could then be compared with 
the available results for 5 mm Type R rivets (Moss, 2006). Flat upsetting dies were used in 
most of the tests as they were considered to eliminate the corrosion problems. However, 
conical dies were also used in this study to investigate their effect on strength. Seven steel 
thickness and grade combinations that are commonly used in Australian steel framed housing 
were chosen for this study. They are 1.0, 1.15 and 1.5 mm G300, 1.6 mm G450, 1.15 mm 
G500 and 0.75 and 1.0 mm G550. These are nominal dimensions as used by the industry. The 
base metal thicknesses are 0.95 mm (for 1.0 mm) and 1.5 mm (for 1.6 mm).  
 
   Type R   Type PG      Counter-sunk   Pan Head       Conical Die                Flat Die       
Figure 2. Rivet and Upsetting Die Types and Details 
2.2 Test Specimen and Test Method 
Standard single point fastener lap shear tests as recommended in AS/NZS 4600 (SA, 2005) 
were used. Lap shear specimens were 50 mm wide x 250 mm length that gave a 150 mm 
unclamped length. Two or three sheets were joined with a 50 mm lap length. In this method, 
the connected steel sheets are loaded in tension, which simulates a shear force on the rivets. 
This arrangement closely simulates the connections in steel framed housing and their loading. 
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2.3 Test Program 
There were three groups of tests, namely, two thickness joint tests, three thickness joint tests 
and a series of correlation tests. The two thickness joint is the most common type of 
connection found in cold-formed steel house framing. In this case, there were a total of 21 
combinations: nine combinations for 1.0, 1.15 and 1.5mm G300 steel sheets; nine 
combinations for 1.0mm G550, 1.15mm G500 and 1.6mm G450 steel sheets; three 
combinations of 0.75/0.75, 0.75/1.0mm and 1.0/0.75mm G550 steel sheets. In all these tests a 
5.5 mm diameter counter-sunk PG rivets and a flat bottom die were used. Hence the test 
variables for this test series were the sheet thickness, sheet grade and sheet order. 
In the three thickness joint tests, there were 14 combinations: 1.0/1.0/1.0G300, 
1.0/1.0/1.0G550, 1.0/1.15/1.0G300, 1.0G550/1.15G500/1.0G550, 1.0/1.6/1.0G300, 
1.0G550/1.6G450/1.0G550, 1.15/1/0/1.15G300, 1.15G500/1.0G550/1.15G500, 
1.15/1.15/1.15G300, 1.15/1.15/1.15G500, 1.15G500/1.6G450/1.15G500, 1.6/1.0/1.0G300, 
1.6G450/1.0G550/1.0G550, 1.6G450/1.15G500/1.15G500. A 5.5 mm diameter counter-sunk 
PG rivet and a flat bottom die were used except in two tests for which a longer (7mm) rivet 
and a slightly larger die were used. The variables were the same as two thickness test series. 
The correlation tests were was undertaken to investigate the effects of the following five 
cases using the more commonly used two thickness sheet combination: Rivet Type (Type R 
and Type PG); Die Type (Conical and Flat Dies); 1.5mm and 1.6mm thickness effect (to 
eliminate confusion concerning steel thicknesses); Rivet Head Type (Pan and Counter-sunk 
rivet heads); the order of connecting sheets (thicker versus thinner sheets on top). In order to 
investigate the effect of rivet type, the results from this study will be compared with the 
results of Moss (2006) based on Type R rivets. To investigate the die type, six sheet 
combinations were tested with the same rivets as before but with a conical die. The six sheet 
combinations were: 1.0/1.0G300, 1.15/1.15G300, 1.6/1.6G300, 1.0/1.0G550, 1.15/1.15G500 
and 1.6/1.6G450. There was confusion between the 1.5 mm and 1.6 mm thicknesses in the 
industry. Hence one combination of 1.5/1.5G450 was tested. In the case of rivet head type 
correlation, a pan head rivet was used with nine combinations of sheets: 1.0/1.0G300, 
1.15/1.15G300, 1.6/1.6G300, 1.0/1.0G550, 1.15/1.15G500, 1.6/1.6G450, 1.6G450/1.15G500, 
1.15G500/1.6G450, 1.6G450/1.6G450. Figure 2 shows the various rivet and die types used. 
For each combination, three tests were undertaken, giving a total of 165 tests. 
2.4 Test Set-up and Procedure 
Lap shear test specimens of two or three sheet combinations were joined by simply lapping 
the steel sheets and fastening through the centre. Test specimens were located between the 
jaws of a universal testing machine, and were loaded in tension until specimen failure, ie. 
after the load decreased. The maximum load reached and the types of failure mode were 







Figure 4. Lap Shear Test Set-up 
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3. Results and Discussion 
3.1 Typical Load-displacement Curves and Failure Modes 
Figures 5 (a) and (b) show the typical load-displacement curves. They were obtained from a 
two thickness lap shear test of 1.15/1.15 mm G550 sheets with a counter-sunk PG rivet and a 
conical die, and a three thickness test of 1.6G450/1.0G550/1.0G550 sheets with a counter-
sunk PG rivet and a flat die. Their characteristics depend on the failure modes of the joint. 
Figure 5. Typical Load-displacement Curves 
Figures 6 (a) and (d) show the typical failure modes observed in the tests. The Rivet Rotation 
(RR) was the first failure mode observed in all the tests. It then lead to other failure modes. 
Tearing of the Rivet Upset Bottom Sheet (TRUBS) occurred in 93% of the tests whereas 
Bearing of the Bottom Sheet (BB) occurred in 55% of the tests. The latter mode usually 
resulted in a plateau in the load-displacement curve. Tearing of the Top Sheet around the 
Rivet Head (TTRH) occurred in 27% of the tests. These four failure modes were also 
observed by Moss (2006). However, in this study, a new failure mode, Shearing around the 
Perimeter of the Rivet Head (SPRH), was observed in 51% of the tests and usually led to the 
ultimate failure. The SPRH failure was caused by a geometric flaw in the rivet. Due to the 
unavailability of counter-sunk rivets during our testing, the local fastener company used the 
pan head rivets but after removing part of the top of pan head (Figure 6e). The resulting 
counter-sunk rivet has a much smaller corner compared with the conventional counter-sunk 
rivet head (compare Figure 6e and Figure 2). Both SPRH and TTRH did not occur on the 
same specimen. Another unexpected pull-out failure mode also occurred, but only in one test. 





           (e) Modified counter-sunk rivet                     (f) SPRH 
Figure 6. Typical Failure Modes 
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3.2 Two Thickness Lap Shear Tests 
In general the thicker (total joint thickness) joints produced higher ultimate loads. A plot of 
ultimate load versus total joint thickness showed a linear increase in strength (Pilcher and 
Connely, 2006). The higher grade steel joints (G450, G500, and G550) performed better than 
the lower grade steel joints (G300). The joints generally gave higher strengths when the 
thicker sheet was on the top. Failure modes of RR, TRUBS and SPRH occurred in all the 
tests. Tearing of the top sheet around the rivet head (TTRH) occurred in all of the G300 
specimens. Bearing of the bottom sheet (BB) occurred in most of the tests except when 
1.6mm steel sheet was on the bottom. Generally the order of failure modes (if they were all 
present) was RR, TRUBS, BB, TTRH and SPRH. The SPRH led to the ultimate failure. 
3.3 Three Thickness Lap Shear Tests 
These joints performed better than the two thickness joints, however not as good as the 
equivalent thickness joints (i.e. 3x1.0mm G300 joint was weaker than 2x1.6mm G300). Rivet 
rotation (RR) occurred in all the tests but SPRH failure occurred in half the number of tests.  
TRUBS and BB failures were fairly common, but there were fewer TTRH failures (only in 
thinner sheets). In one test, the rivet completely pulled out of the bottom two sheets. 
3.3 Correlation Tests 
In the first series of correlation tests, the results of 5.5 mm diameter Type PG countersunk 
rivets were compared with 5 mm diameter Type R rivets. Figure 7 compares the results when 
all other variables (sheet thickness & grade and die type) were the same. It appears that the 
new rivet performed poorly (30% lower strengths). However, this is more likely due to the 
weakness in the rivet head caused by grinding pan heads into countersunk heads (Figure 6e). 
This weakness in the rivet head did not affect the strength for thicker steels (1.6 mm G450). 
Figure 7. Comparison of Ultimate Loads in Correlation Test Series 1 and 2 
In the second series of correlation tests, the strength results for the newer flat upsetting die 
were compared with those for the older conical shaped die (traditionally used with Type R 
rivets) in Figure 7. This comparison shows that the type of upsetting die has no influence on 
the ultimate strength results. Their failure modes were also the same. 
In the third series of correlation tests, the joints made of G450 sheet steels supplied as 1.5 and 
1.6 mm thick sheets were tested. However, the measured base metal thickness was 1.48 mm, 
thus clearly demonstrating the confusion about sheet thickness in the industry. Tests gave the 
same failure modes and ultimate loads with the average ultimate loads varying by only 0.2%. 
In the fourth series of correlation tests, the ultimate loads of joints with pan head rivets were 
compared with those for counter-sunk rivets (Figure 8). The joints with counter-sunk heads 
had on average 30% lower strengths. For lower grade steels, the reduction was 17% while for 
higher grade steels it was 47%. This was also considered to be due to the weakness in the 
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rivet head caused by grinding pan heads into counter-sunk heads. The pan head specimens 
consistently performed well. In all the tests, RR, TRUBS and BB failure modes were present, 
but none displayed the undesirable SPRH mode observed in the counter-sunk head tests. 
Figure 8. Comparison of Ultimate Loads in Correlation Test Series 4 and 5 
In the fifth correlation test series, the effect of having thicker sheets on the top was 
investigated and the results are compared in Figure 8. On average there was a 10% strength 
increase for the joints with thicker sheets on top. Generally the combinations with greater 
difference in sheet thickness gave a higher strength increase (16%). The failure modes were 
the same although the SPRH failure occurred sooner when the thinner sheet was on top. 
4. Conclusions and Recommendations 
This paper has described an experimental study on the strength of self piercing riveted 
connections used in steel framed housing. The new 5.5 mm diameter Type PG counter-sunk 
rivets were found to be adequate in connecting two and three steel plates with varying 
thickness and grade without column buckling or insufficient splaying. Hence they have the 
potential to be used in an automated steel frame manufacturing process without having to 
change rivet types. There were five main failure modes with four of them involving plate 
yielding and tearing whereas the fifth failure of shearing around the perimeter of the rivet 
head was unexpected and undesirable. This occurred due to the use of a modified counter-
sunk head rivet made by grinding the pan head rivets. In general the lap shear test strengths 
increased with the following: higher grade steels and larger thicknesses, total joint thickness 
and the use of thicker sheets on the top. Type R and pan head rivet types gave higher ultimate 
loads, but this was due to the problems with the modified counter-sunk rivets used in this 
study. The type of upsetting die did not make any difference to the joint strength. Further 
research is required to investigate why SPRH failure occurred and whether it was caused by 
the modified counter-sunk rivet head geometry. 
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